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Abstract: Evidence from studies of the behaviour of stem and progenitor cells and of the influence
of cytokines on their fate determination, has recently led to a revised view of the process by which
hematopoietic stem cells and their progeny give rise to the many different types of blood and immune
cells. The new scenario abandons the classical view of a rigidly demarcated lineage tree and replaces
it with a much more continuum-like view of the spectrum of fate options open to hematopoietic stem
cells and their progeny. This is in contrast to previous lineage diagrams, which envisaged stem cells
progressing stepwise through a series of fairly-precisely described intermediate progenitors in order
to close down alternative developmental options. Instead, stem and progenitor cells retain some
capacity to step sideways and adopt alternative, closely related, fates, even after they have “made a
lineage choice.” The stem and progenitor cells are more inherently versatile than previously thought
and perhaps sensitive to lineage guidance by environmental cues. Here we examine the evidence
that supports these views and reconsider the meaning of cell lineages in the context of a continuum
model of stem cell fate determination and environmental modulation.
Keywords: blood and immune cells; cell lineage; cytokines; fate determination; hematopoiesis;
stem cells
1. Introduction
In 1983, Sulston and colleagues produced a tree map—a series of bifurcations—that delineated
the origins of the 671 cells of the newly hatched roundworm Caenorhabditis elegans [1]. In this organism,
cell lineages and the fates of cells are largely invariant and ancestry therefore determines the end fate
of a cell. The apparent rigidity of a tree lineage map ensures tissues develop reliably and consistently.
An autonomous lineage programme is also likely to generate the cell types required in a manner
that is both efficient and economical. To add to lessons learned from Caenorhabditis elegans, there is
“unpredictability” in the developmental nature of cells within this organism. Numerous sub-lineages
give rise to various populations of motor neurons, rather than these cells descending from the same
progenitor in the map. Moreover, when one of the progeny of a terminal division is a motor neuron its
“sibling” is unlikely to be a cell of the same type [1].
For over 30 years, tree maps have also been used to describe blood and immune cell
development [2] and the development of other tissues (e.g., neuronal-crest-derived cells) [3].
Accordingly, investigations of decision-making by developing cells have tended to examine how
they make either-or choices. In the case of hematopoiesis, attention focused on how the progeny
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of hematopoietic stem cells (HSC) first become common lymphoid progenitors (CLP) and hence
generate B cells, T cells and natural killer (NK)/innate lymphoid (ILC) cells, or common myeloid
progenitors (CMP), which gives rise to all the other blood cell types [2]. It is then envisaged that later in
development progenitors choose, for example, between the neutrophil and monocyte pathways [4] and
between the megakaryocyte and erythroid pathways [5]. For years, we have defined hematopoietic
cell lineages in terms of just two initial types of oligo-potential cells, CLP and CMP, giving rise to all of
the various end-cell types.
In recent years, descriptions of the architecture of haematopoiesis have been moving away from
the idea of HSC development progressing via: a) a series of intermediate oligo-potent progenitors;
and b) these cells making a series of binary choices that stepwise restrict lineage options, ultimately to
one final fate. In a new scenario, the suggestion is that HSC can make an immediate lineage choice
from a continuum that encompasses all of the end-cell options. Our pairwise model, proposed in 2009,
(Figure 1A) [6], does not prescribe an invariant route to each end-cell type via definitive intermediate
progenitors. It presumes, quite simply, that all of the options are open to HSCs. This is in keeping
with decision-making, regarding lineage affiliation, at the level of the HSC and very different from
HSC making an immediate and binary choice, for example, between the myeloid and lymphoid fates.
In support of this new viewpoint is the recent finding that HSC in mice can undergo restriction to
the myeloid, megakaryocyte/erythroid and megakaryocyte pathways without dividing or entering
S phase of the cells cycle [7]. Previously, we showed that the human promyeloid cell line HL60 makes
a choice between the neutrophil and monocyte fates without dividing and when held in the G1 and
S phases of the cell cycle [8,9]. Cell fate decisions are therefore uncoupled from cell division and
the mechanisms that control fate determination/differentiation and proliferation are at least partly
independent. An inverse relation between cell cycle and differentiation can actually occur, as has been
shown in the case of the transcription factor PU.1 in myeloid differentiation. Increased PU.1 levels can
lead to prolongation of the cell cycle resulting in further accumulation of PU.1 and thus commitment
of progenitors to the macrophage lineage [10].
The concept of a continuum of developmental options is important and applies to the description
of various changes to the status of cells. A longstanding viewpoint is that embryonic stem cells make
a binary choice between pluripotency and specification to a germ cell layer. However, the stem cell
compartment of human embryonic stem cell cultures is significantly heterogeneous and Hough and
colleagues have argued that a continuum of states spans pluripotency and lineage commitment of these
cells [11]. Moreover, the existence of self-renewal as a canonical state is debatable: cells progressively
decrease their likelihood of self-renewal as the expression of stem cell- and pluripotency-related genes
decreases and that of genes encoding differentiation attributes increases [11]. Epiblast cells of the
early mammalian embryo are able to make mesoderm, endoderm or ectoderm fate decisions and as
development progresses they mature through a continuum of lineage potency states [12]. Additionally,
a continuum best describes the progression of cell differentiation. For example, early studies revealed
gradual changes in the expression of a large number of surface antigens during the different stages
of neutrophil development [13]. Similarly, maturation changes occur along a continuum during
erythropoiesis [14]. To return to Caenorhabditis elegans, a continuum framework has been used to model
epithelial morphogenesis and elongation of the embryo to a worm [15].
The pairwise model also emphasizes that there are particular nearest neighbour relationships
between the various cell lineages. The known sets of fates of cells termed lymphoid-primed
multipotent progenitors (LMPP), early progenitors with lymphoid and myeloid potential (EPLM)
and common myeloid progenitors (CMP) and of other downstream progenitors (see Figure 1A,B),
guided the construction of the relationships of progenitors in the pairwise model. However, recent
genotypic studies have revealed that LMPP, EPLM and CMP although phenotypically relatively
homogenous are not homogeneous populations and instead are mixtures of cells with different lineage
affiliations [16–20]. We have examined the affiliations of EPLM, which were originally described as
a population of cells that could generate B and T lymphocytes, NK cells, dendritic cells (DC) and
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macrophages but that lacked megakaryocyte and erythroid potentials [21]. Thus, by using the surface
markers Ly6D, SiglecH and CD11c and by RNA sequencing single cells, we separated EPLM into four
subpopulations each with lineage biases. We divided the most primitive EPLM, lacking these markers,
into cells that already have myeloid, DC or lymphoid signatures [16]. Likewise, Naik and colleagues
have similarly divided LMPP into lymphoid-, myeloid- and DC lineage-biased cell populations [18].
Hoppe and colleagues used RNA expression data to classify CMP into granulocyte/monocyte and
megakaryocyte/erythroid progenitors [17] and Paul and colleagues have assigned bone marrow
progenitors into seven groups with transcriptional characteristics of neutrophils, basophils, eosinophils,
monocytes, DC, erythrocytes and megakaryocytes [20]. Figure 1B shows the sub-populations of LMPP,
EPLM and CMP as cells added to their arcs of potentials. The particular close relationships between
cell lineages remain the same as lineages adjacent to one another share the usage of transcription
factors and cell responsiveness to promiscuous cytokines [6,22]. This fits with the notion of visualising
cell specification as a continuum and infers that adjacent elements are less different from each other
whereas the extremes are quite distinct.
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of fate options open to HSC. In the “classic” model, HSCs progress stepwise through a series of 
intermediate progenitors, to close down developmental options in a binary manner. In the new 
scenario, HSC make an immediate lineage choice from all of the end-cell options. The figure is, with 
permission, from [6] ©Macmillan Magazines Ltd. HSC, hematopoietic stem cell; DC, dendritic cell; 
NK cell, natural killer cell. (B) The partial arcs represent the close relationships between cell lineages 
that we inferred from the different groups of fates that are available to known intermediary 
progenitor cells (marked with an asterisk). Investigators initially described Lymphoid-primed 
multipotent progenitors (LMPP), early progenitors with lymphoid and myeloid potential (EPLM) and 
common myeloid progenitors (CMP) as homogeneous population of cells. However, they are a 
mixture of cells with the lineage affiliations shown as cells added to the arcs for LMPP, EPLM and 
CMP. Affiliations include B lymphocyte (B), DC, monocyte (Mo), eosinophil (Eo), basophil (Ba), 
erythroid (E) and megakaryocyte (M) [16–20]. HSC are shown to include the following: lymphoid 
biased cells (Ly) [23,24] that express the fms-like tyrosine kinase 3 receptor (Flt3+) [25]; myeloid biased 
or committed cells (My) [26,27] that express Flt3+ [25] and/or the receptor for thrombopoietin (TpoR+) 
[28]; cells committed to the erythroid pathway [19] and affiliated as to expression of the receptor for 
erythropoietin (EpoR+) [25,29]; and cells that express the receptor for macrophage colony stimulating 
factor (M-CSFR+) and monocyte-affiliated (Mo) [25,30]. CLP, common lymphoid progenitor; CMP, 
common myeloid progenitor; DC/Pro-B, dendritic cell and B lymphocyte progenitor; Eo/B-CFU, 
eosinophil and basophil progenitor; EPLM, early progenitor with lymphoid and myeloid potential; 
GMP, granulocyte and macrophage progenitor; LMPP, lymphoid-primed multipotent progenitor; 
MEP, megakaryocyte and erythrocyte progenitor; Mon/B/DC?, monocyte, B lymphocyte and 
dendritic cell? progenitor; Mon/DC, monocyte and dendritic cell progenitor, NK/T, natural killer cell 
and T lymphocyte progenitor and NK/ILC, natural killer cell and innate lymphoid cell progenitor. 
Figure 1. A continuum or pairwise model for hematopoiesis. (A) The model envisages a continuum of
fates is available to hematopoietic stem cells (HSC), with pairwise relationships between the various
cell fates. The pairwise model, replaces a rig d an bifurcating lin age tree with a spectrum of fate
options open to HSC. In the “classic” model, HSCs progress stepwise through a series of intermediate
progenitors, to close down developmental options in a binary manner. In the new scenario, HSC make
an immediate lin age choic from all of the end-cell op ions. The figure is, ith permis ion, from [6]
©Macmillan Magazines Ltd. HSC, hematopoietic stem cell; DC, dendritic cell; NK cell, natural killer
cell. (B) The partial arcs represent the close relationships between cell lineages that we inferred from
the different groups of fates that are available t known intermediary progenito cells (m rked with an
asterisk). Investigators initially described Lymphoid-primed multipotent progenitors (LMPP), early
progenitors with lymphoid and myeloid potential (EPLM) and common myeloid progenitors (CMP) as
homogeneous population of cells. However, th are a mixture of cells with the lineage affiliations
shown as cells added to the arcs for LMPP, EPLM and CMP. Affiliations include B lymphocyte (B),
DC, monocyte (Mo), eosinophil (Eo), basophil (Ba), erythroid (E) and megakaryocyte (M) [16–20].
HSC are shown to include the f llowing: lymphoid biased cells (Ly) [23,24] that express the fms-like
tyrosine kinase 3 recept r (Flt3+) [25]; myeloid biased or com itted cells (My) [26,27] that express
Flt3+ [25] and/or the receptor for thrombopoietin (TpoR+) [28]; cells committed to the erythroid
pathway [19] and affiliated as to expression of the receptor for erythropoietin (EpoR+) [25,29]; and cells
that express th receptor f r macrophage c l ny stimulating fact r (M-CSFR+) and monocyte-affiliated
(Mo) [25,30]. CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DC/Pro-B,
dendritic cell and B lymphocyte progenitor; Eo/B-CFU, eosinophil and basophil progenitor; EPLM,
early progenitor with lymphoid and myeloid potential; GMP, granulocyte and macrophage progenitor;
LMPP, lymphoid-primed multipotent progenitor; MEP, megakaryocyte and erythrocyte progenitor;
Mon/B/DC?, monocyte, B lymphocyte and dendritic cell? progenitor; Mon/DC, monocyte and
dendritic cell progenitor, NK/T, natural killer cell and T lymphocyte progenitor and NK/ILC, natural
killer cell and innate lymphoid cell progenitor.
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There is good evidence to support the view that the lineage affiliations seen in recent investigations
of LMPP, EPLM and CMP become apparent earlier during development, even as early as in HSC.
In 2010, Ichi and colleagues reported that the transcriptional profiles of individual HSCs show
considerable variation and some HSCs are poor precursors of lymphocytes whilst others generate a
balanced output of cell types [31]. Subsequently, investigators examined the progeny of single cells
transferred into irradiated mice and described myeloid- and lymphoid-biased mouse HSC [24,26,32,33].
Notta and colleagues have shown that the progenitor cell compartment of human bone marrow is
a mixture of cells with uni-potent myeloid or erythroid potential alongside multipotent cells [19].
The Jacobsen group described a sub-set of murine HSC with a bias towards platelets and myeloid cells,
requiring thrombopoietin for their maintenance [28]. Similarly, sub-sets of murine HSC express the
receptor for macrophage colony-stimulating factor (M-CSF), mRNA for the erythropoietin (Epo)
receptor [25,29,30] and the fms-like tyrosine kinase 3 (Flt3) receptor, for Flt3 ligand (Flt3L) [25].
The selective expression of these receptors is suggestive of a predisposition and/or affiliation of
some HSC to a lineage because the corresponding cytokines (M-CSF, Epo and Flt3L) can instruct
end-cell fate ([30,34] and see later).
2. The Mature End-Cell Populations Are Not Homogeneous
The variety of end-cell types is more complex than is usually shown in models. For example,
the DC family includes Langerhans cells (LC), two types of interstitial DC (iDC) [35,36], CD8+ DC [37]
and CD8− conventional DC (cDC) [37] (Figure 2A). The delineation of these DC sub-populations
depends on their precise functions. They include antigen transport, immune regulation and the control
of infections e.g., yeast. In addition, there are type 1 interferon-producing plasmacytoid pDC [38]
and monocytes that are a form of pre-DC [39] and both are classified within mononuclear phagocytes
(see later). The local environments in which DC precursors reside may be important for their fate
specification (Figure 2). Satpathy and colleagues have highlighted the importance of various cytokines
to DC development, including whether their actions within distinct stromal niches influence fate
choice [40].
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Figure 2. Heterogeneity of dendritic cells. (A) Surface markers are used to describe the various end-cell
DCs and their nature is a matter of gradatio s. (B) Whe e each population r sides is important to
their function within the immune system and the local environment may determine the fate of DC
precursors [41]. HSC, hematopoietic stem cell, ILC, innate lymphoid cell, Mon, monocyte; Neut,
neutrophil; Eos, eosinophil, Bas, basophil; Ery, erythrocyte; Meg, megakaryocyte, DC, dendritic cells,
iDC, interdigitating dendritic cell; LC, Langerhans cells; Lg, Langerin.
There is heterogeneity among cells of the mononuclear phagocyte system [42]. Human monocyte
sub-populations are discriminated on the basis of CD14 and CD16 expression and those in mice
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by the use of markers such as F4/80, Ly6C (Gr-1), CD11b, CD43 and the chemokine receptor
CX3CR1 [43]. Following trans-endothelial migration, monocytes enter the tissues where they give
rise to macrophages. There is debate about how best to distinguish macrophages from DCs: is there
any real difference between the capacity of some macrophages and DCs to present antigens [44]? Live
imaging studies have not provided clear evidence for a distinction [45]. Additionally, a population of
cutaneous Langerin+ve DC develops from blood monocytes, rather than from Langerhans cells [35,46].
The markers used to define macrophage sub-sets include the macrophage scavenger receptors
(CD36, CD14, signal-regulatory protein family (SIRP)), Toll-like receptors, various integrins, epidermal
growth factor-seven transmembrane (EGF-TM7) proteins, other immunoglobulin superfamily receptors
(Siglecs) and multiple C-type lectins. Our perception of the assortment of these markers is that it is
apparently random [47]. The use of quantitative flow cytometry (FC) profiles reveals a spectrum of
phenotypic variability, rather than precisely defined sub-sets of cells [42]. Some of this phenotype
noise may be due to stochastic fluctuations in the levels of expression of transcription factors. Even so,
the different macrophage sub-sets, as defined by different combinations of markers, provide distinct
signals to T cell sub-sets and are therefore important physiologically.
Macrophages encounter multiple signals in the various tissues that are important for shaping
their phenotype [48]. For example, macrophages that reside in the lung and in the peritoneum
have distinct gene expression profiles and chromatin landscapes. Lavin and colleagues transferred
macrophages that had been isolated from the mouse peritoneum into the alveolar cavity, whereupon
they upregulated the macrophage-specific genes that typify lung macrophages and downregulated the
peritoneal macrophage-specific genes. Expression profiling confirmed this transition: the transferred
cells resembled lung macrophages more than peritoneal macrophages. So, the originally peritoneal
macrophages had adapted to their new environment [49]. Further evidence of macrophage adaptability
is that CD8+ve and CD8−ve antigen-presenting cells in the spleen that arise from the same progenitor
are interconvertible [50]. These findings both highlight the adaptability of differentiated cells and show
that the microenvironment can influence cell specialization. Signals from the tissue environment may
modulate the chromatin landscape that, in turn, prescribes a tissue-related gene expression pattern
within macrophages.
3. Some End-Cells Are Interconvertible
CD4+ve effector cells include T helper 1 cells (Th1), T helper 2 cells (Th2), interleukin (IL)
17-producing T helper cells (Th17), follicular T helper cells (Tfh) and regulatory T cells (Treg).
These sub-types have different functions. They include the control of bacterial, helminth and fungal
infections and B cell maturation in germinal centres and the suppression of immune responses.
CD4+ve effector cells produce many different cytokines, including IL-2, IL-3, IL-4, IL-13, IL-17, IL-21
and granulocyte-macrophage colony-stimulating factor (GM-CSF) and to a lesser extent interferon
g (IFNγ) [51]. The nature of the cytokines produced is indicative of the type of CD4+ve helper cell.
CD4+ve cell types arise in multiple environments and the prevailing cytokine environment is important
for their differentiation. For example, IL-12 is required for Th1 cell differentiation and IFNγ amplifies
this process, whereas IL-4 drives the differentiation of Th2 cells [52].
The characteristics of some of the mature CD4+ effector cells are interconvertible (Figure 3).
IL-21 is produced by Th2 cells [53] and TFh cells [54] and Th2 cells can give rise to Tfh cells [55].
Induced regulatory T cells (iTreg) can convert to pro-inflammatory Th17 [56] and when transferred into
T cell-deficient CD3−/− or Rag2−/− mice respectively give rise to Tfh cells in Peyer’s patches [57] and
Th2 cells in the spleen [58]. Memory Th2 cells convert in vitro to iTreg, in response to treatment with
transforming growth factor β (TGF-β) and blockade of IFNγ and IL-4 signalling [59]. In all of these
examples, the switching between the different types of CD4+ cells requires an external set of signals,
suggesting that environmental signals may underlie the adaptability of CD4+ cells to the type of the
immune response required. Eizenberg-Magar and colleagues have constructed mathematical models
that predict how different cytokine inputs to CD4+ T cells determine their differentiation state [60].
Int. J. Mol. Sci. 2018, 19, 2122 6 of 17
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  6 of 17 
 
immune response required. Eizenberg-Magar and colleagues have constructed mathematical models 
that predict how different cytokine inputs to CD4+ T cells determine their differentiation state [60]. 
 
Figure 3. The heterogeneity and interconversion of CD4+ve helper T lymphocytes and innate lymphoid 
cells. CD4+ve effector cells and innate lymphoid (ILC) cells include various sub-populations. For both 
of these types of cells, the characteristics of some of the mature effector cells are interconvertible (A) 
The arrows connecting the sub-types of CD4 T cells show interconversions. (B) The arrows connecting 
the sub-types of ILC show interconversions. HSC, hematopoietic stem cell, iTreg, induced-regulatory 
T cells; Th17, Interleukin 17 producing T helper cells, Th1, T helper 1 cells; Th2, T helper 2 cells, Tfh, 
follicular helper T cells; NK, natural killer cell, Mon, monocyte; Neut, neutrophil; Eos, eosinophil, Bas, 
basophil; Ery, erythrocyte; Meg, megakaryocyte, DC, dendritic cells. 
The sub-types of ILC have natural killer and helper-like functions that are important as a first 
line defence against pathogens, the genesis of lymphoid organs and tissue modelling (Table 1) [61]. 
There are three main groups of ILC. Group 1 includes natural killer cells and helper-like ILC and 
groups 2 and 3 are helper-like. The the expression of transcription factors defines two populations 
within groups 1 and 2. The developmental relationship between the various ILC populations is 
presently unclear and their characteristics are interconvertible (Figure 3). Expression of master 
regulators of transcription, surface receptors and the ILs produced define group 3 sub-types. There 
are cells that either: (1) express the transcription factor retinoid-related orphan receptor γt (RORγt), 
CD4 and the cytokine receptor CCR6 at their surface and produce IL-17 and IL-22 (lymphoid tissue 
inducer (LTi)-like ILC3) or (2) express the transcription factor T-bet, the NK receptors NKp46 and 
NK1.1 at their surface and produce IFNγ and TNFα. However, LTi-like ILC3 (RORγt+, CCR6+) cells 
express T-bet when exposed in vitro to a Notch stimulus [62]. There may be a true bi-directional 
plasticity of ILC3 as NKp46+ ILC3 may downregulate NKp46 in vivo giving rise to NKp46− ILC3 [63]. 
The relative levels of expression of RORγt and T-bet may determine the effector functions of group 3 
ILC3 and underlie the plasticity of the phenotype of these cells. However, there is controversy on this 
matter as the subsets of group 3 ILC3 may be separate lineages that develop from different 
progenitors [64]. To add to the plasticity of ILC, mouse studies have shown that ILC2 that reside in 
the lung become ILC1 in response to infection by influenza virus and Staphylococcus aureus and by 
cigarette smoke [65]. 
4. How Might We Classify the Types of Cells? 
One purpose of classifying blood cells is to aid the understanding of their development: we have 
no hope of understanding cell diversification without categorizing a cell’s identity. The conventional 
use of the term cell lineage and cell type, refers to the developmental history of a cell. For example, a 
progenitor cell that is committed to the B lymphocyte developmental pathway gives rise to cells we 
denote as a B lymphocyte. However, ancestry does not always resolve cell identity where there is 
Figure 3. The heterogeneity and interconversion of CD4+v helper T lymphocytes and innate lymphoid
cells. CD4+ve effector cells and innate lymphoid (ILC) cells include various sub-populations. For both
of these types of cells, the characteristics of some of the ma ure effector cells a e interconvertible (A) The
arrows connecting the sub-types of CD4 T cells show interconversions. (B) The arrows connecting the
sub-types of ILC show interconversions. HSC, hematopoietic stem cell, iTreg, induced-regulatory T
cells; Th17, Interleukin 17 producing T helper cells, Th1, T helper 1 cells; Th2, T helper 2 cells, Tfh,
follicular helper T cells; NK, natural killer cell, Mon, monocyte; Neut, neutrophil; Eos, eosinophil, Bas,
basophil; Ery, erythrocyte; Meg, megakaryocyte, DC, dendritic cells.
The sub-types of ILC have natural killer and helper-like functions that are important as a first
line defence agai st pathogens, the genesi of lymphoid organs and tissue modelling [61]. There are
three main groups of ILC. Group 1 includes natural killer cells and helper-like ILC and groups 2 and 3
are helper-like. The the expression of transcription factors defines two populations within groups 1
and 2. The developmental relati nship betw en the various ILC populations is presently unclear and
their characteristics are interconvertible (Figure 3). Expression of master regulators of transcription,
surface receptors and the ILs produced define group 3 sub-types. There are cells that either: (1) express
the transcription f ctor r tinoid-related orphan receptor γt (RORγt), CD4 and the cytokine receptor
CCR6 at their surface and produce IL-17 and IL-22 (lymphoid tissue inducer (LTi)-like ILC3) or (2)
express the transcription factor T-bet, the NK receptors NKp46 and NK1.1 at their surface and produce
IFNγ and TNFα. Howev r, LT -like ILC3 (RORγt+, CCR6+) cells express T-bet when exposed in vitro
to a Notch stimulus [62]. There may be a true bi-directional plasticity of ILC3 as NKp46+ ILC3 may
downregulate NKp46 in vivo giving rise to NKp46− ILC3 [63]. The relative levels of expression of
RORγt and T-bet may determine the effector functions of group 3 ILC3 and underlie the plasticity of
the phenotype of these cells. However, there is controversy on this ma ter as the subsets of group 3
ILC3 may be separate lineages that develop from different progenitors [64]. To add to the plasticity of
ILC, mouse studies have shown that ILC2 that reside in the lung become ILC1 in response to infection
by influenza virus and Staphylococcus aureus and by cigarette smoke [65].
4. How Might We Classify the Types of Cells?
One purpose of classifying blood cells is to aid the understanding of their development: we have
no hope of understanding cell diversification without categorizing a cell’s identity. The conventional
use of the term cell lineage and cell type, refers to the developmental history of a cell. For example,
a progenitor cell that is committed to the B lymphocyte developmental pathway gives rise to cells
we denote as a B lymphocyte. However, ancestry does not always resolve cell identity where there is
inconsistency between the attribution of cells to a lineage and classification with regard to a phenotype.
For cells viewed collectively as ILCs, there are two separate origins; a progenitor that gives rise
to the NK precursor and NK cells and another for all the helper-like ILC [61]. Similarly, it is not
clear to what extent there are separate progenitors for the different DCs. They appear to arise from
two separate -lymphoid and monocytic- origins but the surface phenotypes and gene transcription
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profiles of DCs derived in vitro from purified CLPs or purified CMPs are indistinguishable [66].
A Common Dendritic cell Progenitor (CDP) with the ability to give rise to both cDC and pDC has been
identified [67,68]. Several other phenotypically distinct cells have been proposed as progenitors of
different DC sub-populations [67,69–71]. However, it appears that multiple developmental pathways
are at play in generating the different DCs, and, in some cases, they converge into phenotypically
homogeneous but transcriptionally and functionally distinct mature DC [72,73]. The delineation
of cell type with regard to ancestry is also confounded if we accept that HSCs predispose to a
lineage by expressing, for example, the receptor for M-CSF but might step sideways and adopt
a different trajectory.
In the case of the mature immune cells, an answer to the problem of their classification,
their attributes or conversely the absence of a characteristic(s), is the unique function of each type of cell.
In other words, members of a cell type serve a function that is different from members of another cell
type. However, immune cell types can share functional attributes that confounds ascribing cell identity
on this basis and blurs the boundaries between cell lineages. A cytotoxic capacity brings together some
T cells and some ILC, whereas macrophages, DC and B cells can phagocytose, pinocytose, process and
present foreign antigens. Additionally, cells of the immune system cooperated to perform their role and
it is therefore not too surprising that different types of cells share, for example, the chemokine receptors
that dictate the location of cells to a particular environment and the cytokine receptors for survival.
5. What Are the Differences between Types of Cells?
So, what are features that allow us to specify a population of immune cells? Distinguishing one
cell type from another is in essence a matter of how many phenotypic markers we use to define a cell
type. The use of two surface markers can clearly differentiate one type of cell from another. However,
and as mentioned above, use of additional surface markers reveals substantial heterogeneity regarding
mononuclear phagocytes and investigators must rely on their judgment as to how best to classify cell
populations. Traditionally, the basis for the identification of early progenitors, in particular, is the use
of a limited number of cell surface markers, which appear in many cases to have a graded, rather than
discontinuous expression pattern. Examples of graded expression are the markers used for FC-based
identification of Lineage-negative, CD117+ (kit), Sca-1+ cells (LSK), LMPP and CLP populations.
CD117, Sca-1 and Flt3 show a graded, continuous expression, thus making the identification and
isolation of cells with “high” or “intermediate” expression of markers almost arbitrary and dependent
on the staining prowess and judgement of the investigator (Figure 4). This problem becomes even
larger for genetically modified mice, where it might prove difficult to distinguish between true changes
in the proportions of gated cells (representing progenitor stages) and any potential alterations, caused
by the genetic modification to the mice, in the expression level of markers that are used to “ring-fence”
these cells. Modern and comprehensive analyses, particularly of single cells, have revised the approach
to categorize cell types. Tools currently available for the examination of cellular heterogeneity include
global gene expression analysis and mass cytometry where the number of individual surface markers
analysed is extremely large. This leads to an even more detailed consideration of how finely to draw
lines between different cell types and perhaps this becomes arbitrary for some of the different types of
immune cells.
Regarding the use of global gene expression analyses, the conceptual problem is how fine should
the criteria be that we use to distinguish one type of cell from another? A caveat is that it is impossible
to be certain that two cells that, using a set of phenotypic attributes are ring-fenced as identical,
are identical genotypically [77]. A simple reason is that cells of any given end-cell type are not all
interacting with just one environment: some will be inside a particular environment and some left
outside. Even within an environment, a graded input of signals might well lead to a graded output
regarding the level of acquisition/stabilization of a phenotype. Moreover, a population of cells, even if
clonal, is heterogeneous. Chang and colleagues have shown that cells of cloned populations of mouse
hematopoietic progenitors express different levels of Sca-1. This relates to a state that fluctuates
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but is meaningful because cells that express extremely high or low levels of Sca-1 have distinct
transcriptomes and different leanings towards the myeloid or erythroid lineage [78]. Heterogeneity of
cloned cells is also the case for neuronal stem cells whereby in vitro subsets have distinct developmental
commitments [79]. The heterogeneity of cloned stem cells presumably reflects the inherent versatility
of multipotent cells. Of particular interest to lineage-predisposition of these cells are the events that
regulate the expression of transcription factors. It would thus seem that none of the classically accepted
features alone is reliable enough to unequivocally define a particular lineage or cell type. Rather,
we should consider a combination of several attributes, including morphology, phenotype, function
(for mature cell types), genetic signature and developmental ancestry.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  8 of 17 
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identified as Lineage-CD117highSca-1high [2] and LMPP as the LSK with the highest expression of
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For years, the issue of delineation has applied for how to best classify organisms into species,
such as Darwin’s many finches. One solution is that each species of finch breeds true. In a similar vein,
whether cells can or cannot readily, even when “pushe ” in vivo or in vitro, interconvert provides
a way of r solvi g t e delineation of cell types. The matter of definition of cell typ and lineage,
if we view this a synonymo , s simple if both refer to a c ll that has progressed along a pathway
to a stage of development and a phenotype that is irreversible. For example, and to the best of our
knowledge, a cell, including its phenotypically identifiable progeny in the bone marrow, destined to
generate mature B cells does not normally give rise to a mature T cell. Interestingly, the importance
of the extent of developmental progression to irreversible lineage affiliation is exemplified by the
finding that the Double Negative 2 T cell progenitor population that have already progressed some
way along the T cell pathway can still give rise to NK and myeloid cells when “pushed” using the right
conditions [21,80]. Neverth less, and by applying the rule f irreversibility of phenotype, we would
view the different ILC and CD4+ T cells that can interchange/rev rse m ture fates under the right
conditions as sub-types of cells belonging to the ILC nd CD4+ T cell lineages respectively, rather than
as separate lineages. As to their taxonomy, we might view their differentiation and end phenotype as a
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much more flexible and continuous process that circumvents the need to draw overly strict boundaries.
In this case, there is a continuum of intermediate states between cell sub-types.
6. Does the Environment That Cells Reside in Instruct Cell Fate?
As mentioned above, cells and their genes, do interact with and respond to their environment.
The environmental history of a cell is therefore important to the specification of phenotype. Whilst for
cell identity we have attached prime importance to developmental history, namely who begat whom,
this might merely serve to keep offspring within a particular nurturing environment. In some instances,
we might have mistakenly read environmental nurture as developmental history.
Some hematopoietic cytokines are important for shaping hematopoiesis. Generally, we accept
that they are essential for the survival and proliferation of hematopoietic cells at all stages of their
development. However, in some cases they are also important for the differentiation of hematopoietic
lineages. Thus, their function as merely survival and/or proliferation agents (permissive role)
or inducers of differentiation (instructive role) has been a matter of debate for long time [81–83].
Several investigations have provided evidence in support of both modes of cytokine action, with the
data in some cases being contradictory (reviewed in: [84–86]). Genetic deletion of cytokines or
their receptors has resulted in a reduced production of immune cells whose generation is subject to
regulation by the cytokine in question but even though the disruption in developmental output can be
quite severe, it has never led to the complete absence of the lineage. This indicates either a permissive
role of these cytokines or some level of redundancy, with other cytokines compensating for the absent
instructive signal. Furthermore, over-expression of anti-apoptotic signals, such as B-cell lymphoma
2 (Bcl2), in order to provide a strong survival signal to cells, has been on some occasions sufficient
to rescue the affected lineage, suggesting a permissive cytokine function. Thus, whilst the absence
of IL-7 signalling severely disrupts T cell development, Bcl2 over-expression can significantly rescue
T cell output in these mice [87–89], suggesting a survival role of IL-7 in early T cell development.
Similarly, the B cell defect observed in mice lacking Stat5 (the crucial signalling mediator for IL-7)
can be fully recovered by Bcl2 over-expression [90], while sustained and increased Flt3L levels can
rescue B cell development in Il7-/- mice [91], thus demonstrating the permissive role of IL-7 in both
T and B cell development. Moreover, early in vivo studies with chimeric receptors provided further
evidence for a permissive role of hematopoietic cytokines. The replacement of the intra-cellular part
of the TPO receptor (mpl) with that of G-CSF [92] or the signalling domain of G-CSF with that of
Epo-R [93] did not result in any lineage skewing, as would be expected regarding an instructive role of
the corresponding cytokines.
Other transgenic approaches, mainly by ectopic expression of cytokine receptors,
have nevertheless suggested instruction of lineage fate by cytokines. Thus, expression of M-CSF
receptor in multi-potent hematopoietic cell lines resulted in skewing of their developmental
output [94,95], while ectopic GM-CSF receptor expression on CLP or pro-T cells increased their myeloid
differentiation potential [96–98]. Similarly, Flt3 expression in MEP up-regulated myeloid-specific
transcription factors and promoted their differentiation towards granulocyte/macrophage lineages [99].
More recently, investigators have provided in vitro and in vivo evidence for an instructive role
of cytokines in lineage fate. Our studies support an instructive role of Flt3L at an early stage
of hematopoiesis [34]. Transgenic mice over-expressing Flt3L ubiquitously are anemic and
thrombocytopenic. Investigation of the progenitor cell populations in these mice revealed that Flt3L
acts to skew hematopoiesis towards the myeloid and lymphoid lineages, as there is a lack of generation
of erythroid and megakaryocyte progenitors. The cells diverted lack expression of cell lineage markers
(Lin-) but express the Sca-1 antigen and the receptor for the stem cell factor CD117 or c-kit and are
termed LSK. Likewise, increasing the level of Epo in vivo, by transgenesis, has revealed an instructive
role for this cytokine in erythropoiesis [29]. In 1982, Metcalf and Burgess provided evidence supporting
the view that G- and GM-CSF instruct bi-potent granulocyte-macrophage colony forming cells in their
choice between granulocyte and macrophage pathways respectively [4]. Rieger and colleagues added
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to these finding by showing that G- and M-CSF instruct granulocyte and macrophage progenitors to
follow each of the pathways respectively [100].
Overall, there is evidence to support the view that some of the hematopoietic cytokines can
instruct cell fate and therefore guide the generation of a particular type(s) of cell as required. The effect
of cytokines seems to be cell-context dependent, highlighting the interplay between extra-cellular
signals from the environment and intra-cellular fate-determining factors, such as transcription factors
and the epigenetic landscape [86]. Additionally, some level of promiscuity in the use of cytokines
by hematopoietic cells makes the identification of their specific mode of action challenging. In that
context, studies at the single cell are necessary. As evident from the data discussed above, most of the
experimental evidence for an instructive role of hematopoietic cytokines comes either from in vivo
over-expression of cytokines and/or their receptors or from in vitro culture systems. It is conceivable
that, depending on the strength of the signal, a particular cytokine may act to provide a signal for
survival, to proliferate or to instruct lineage choice. The response elicited within a cell, as to which
of the three outcomes is undertaken, would accord with an increasing level of signal intensity. Thus,
in order to demonstrate their instructive role, it is necessary to use a high level of cytokine in in vitro
experiments. A graded response of cells to cytokines may be important for steady state versus
hematopoiesis under stress conditions, such as infection, whereby the different requirements are
survival/expansion versus survival/expansion coupled to a rapid and emergency, diversion of cells
towards a required end cell type [101]. Recent evidence to support this viewpoint is that Singh and
colleagues have observed that during chronic erythroid stress, in Epo transgenic mice, HSC exhibit a
vastly committed erythroid progenitor profile together with enhanced cell division [102].
This makes physiological sense when one considers that the hematopoietic system is extremely
flexible, responding rapidly to situations of stress, infection and blood loss. Whilst there is debate
as to how this operates, it is important to bear in mind that cells we identify as HSC that can
reconstitute the entire hematopoietic/immune system long term (LT-HSC) express the receptors for
the proposed instructive cytokines. These include the receptors for Epo, M-CSF and Flt3. Around 19%
of LT-HSC express the receptor for M-CSF on their cell surface and ~5% express cell surface Flt3,
with ~12% expressing Flt3 mRNA. Around 13% express mRNA for the Epo receptor and the level
of surface protein expression is unknown due to the lack of a suitable antibody reagent. These are
essentially sub-populations of LT-HSC [25]. We might assume that engagement of the cytokine with
the receptor provides a signal for survival and proliferation. We do not know whether the presence of
the appropriate cytokine instructs LT-HSC to adopt either a macrophage, myeloid or erythroid fate.
7. The Events That Shape Cell Identity
It is reasonable to conclude that the nature of immune cell diversity is not merely a matter
of affiliation to an ancestral pathway but that environmental nurture is important. A mixture of
(i) predisposition towards/affiliation of HSC to a lineage and (ii) nurture at a later stage of development,
by environmental cues, appear to govern the end-fate of a cell (Figure 5). This perhaps explains the
many sub-types of a number of different immune cells. Nurture is also important for HSC. It is likely
that the localization of HSC within diverse and supportive bone marrow niches and their exposure to
different development growth factors and morphogen gradients plays an important role in driving
their heterogeneity [103].
Waddington’s epigenetic landscape has provided a longstanding model for the general nature of
the events that shape cell identity [104]. Cells roll down bifurcating valleys and once a cell has chosen
a fate there are ridges that help maintain this fate. Changes to the epigenome dictate the hills and
valleys that exclude other fates and which the microenvironment might impose. Ferrell has proposed
an alternative landscape whereby at the start there are numerous valleys and ridges, commitment
to a fate relates to the disappearance of some of the valleys and ridges and new valleys and ridges
arise from cell-cell competition [105]. Sieweke examines a landscape that he likens to a small group
of Pacific islands—Captain Cook’s Islands—in the middle of an ocean. These can be reached from
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many directions such that the routes to a fate are flexible [106]. Waddington’s landscape and the
alternative landscape both involve stepwise bifurcations but there does not seem to be the need for
HSC to undergo this progressive restriction. These models and a “small group of islands” model
mean that there are close relations between particular cell lineages, as envisaged in the pairwise model.
A “small groups of islands” model is more in keeping with the pairwise model except that each island
can be approached separately rather than by Captain Cook’s route from island to island and from east
to west.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  11 of 17 
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8. Implications for Leukemia
Normal HSCs and their immediate progeny are versatile in their choice of developmental pathway.
If we accept that HSC can commit themselves directly to one pathway, we might presume that each
pathway is equally av ilable. Versatility is also the case for the progeny of HSC. The colonies observed
for the progeny of HSC, parti ularly multipotent HPC, grown i emi-solid agar or methylcellulose
mediu contain many different cell types. We have argued that these findings are misleading as
to how HSC and HPC behave in vivo, because single cells dispersed in agar are not in their normal
social environment and lack the influence of niches, the extracellular matrix and the appropriate
cytokines [101]. Nevertheless, the findings from colony assays support the notion of inherent versatility
of HPC and perhaps indicate that environmental influences in vivo are important for guiding and/or
narrowing the trajectories of HSC. HSC are versatile in the pairwise model, because they can step
sideways to adopt alt rnative, closely related, fates, even after they have “made a lineage choice.”
The making of the architecture of leukemia and lymphoma, is very different because the lineage
output of the transformed counterparts is restricted to a particular pathway [107–109]. In contrast
to the flexibility of HSC, the t ansformed counterpart s entially dumps lls own a particular
pathw y. The rational for this and perhaps he cardinal aspect of cell transformation in cancer is that
a genetic insult fixates the epigenome to a lineage. Sanchez-Garcia as proposed that t e contribution
of oncogenes to leukemia is via epigenetic priming of the cells that initiate leukemia and the initial
oncogenic insult(s) is/are then dispensable for tumour progression and maintenance [109]. In other
words, there appears to be an insult-wired block to versatility in the leukemia stem cell.
9. Concluding Remarks
In the pairwise model, HSC can immediately predispose towa ds or affiliate to a ingle lineage,
yet retain the ability to divert to an adjacent lineage. We might view the adjacent options as easily
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accessible or latent in some way. In this case, predisposed or affiliated HSC are essentially progressively
differentiating towards an outcome, including narrowing their trajectory from the continuum of
options. In the original diagram for the pairwise model, we showed DC, monocytes and NK cells
as a single population. Each of these cell types is clearly a heterogeneous population and, therefore,
it seems that some cells have a lifelong capacity to differentiate and diversify. Questions that are
perhaps more important than lineage affiliation are (i) what channels a cell towards a particular
phenotype and (ii) how does a cell stabilize a pattern of attributes, some of which are shared by
different cell types. Perhaps the signals they receive from the environment in which they reside,
that “mark” the epigenome, are as important as developmental history. Our view of the architecture
of haematopoiesis has important implications to our understanding of the initiation of leukaemia.
Whereas HSC are versatile, an insult(s) appears to wire the epigenome of HSC regarding lineage choice
to a fixed leukaemia cell fate [109].
Funding: This project received funding from the European Union’s Seventh Framework Programme for research,
technological development and demonstration under grant agreement no 315902.
Acknowledgments: Geoffrey Brown and Rhodri Ceredig were Partners within the Marie Curie Initial Training
Network DECIDE (Decision-making within cells and differentiation entity therapies). We dedicate this article to
our friend, colleague and mentor, Antonius G Rolink whose incisive comments greatly influenced our way of
viewing hematopoiesis. We thank Bob Michell for his comments on the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Sulston, J.E.; Schierenberg, E.; White, J.G.; Thomson, J.N. The embryonic cell lineage of the nematode
caenorhabditis elegans. Dev. Biol. 1983, 100, 64–119. [CrossRef]
2. Weissman, I.L.; Anderson, D.J.; Gage, F. Stem and progenitor cells: Origins, phenotypes, lineage
commitments and transdifferentiations. Annu. Rev. Cell. Dev. Biol. 2001, 17, 387–403. [CrossRef] [PubMed]
3. Westin, J.A. Motile and social behaviour of neural crest cells. In Cell Behavior; Bellairs, R., Curtis, A., Dunn, G.,
Eds.; Cambridge University Press: London, UK, 1981; pp. 429–470.
4. Metcalf, D.; Burgess, A.W. Clonal analysis of progenitor cell commitment of granulocyte or macrophage
production. J. Cell. Physiol. 1982, 111, 275–283. [CrossRef] [PubMed]
5. Pang, L.; Weiss, M.J.; Poncz, M. Megakaryocyte biology and related disorders. J. Clin. Invest. 2005,
115, 3332–3338. [CrossRef] [PubMed]
6. Ceredig, R.; Rolink, A.G.; Brown, G. Models of haematopoiesis: Seeing the wood for the trees.
Nat. Rev. Immunol. 2009, 9, 293–300. [CrossRef] [PubMed]
7. Grinenko, T.; Eugster, A.; Thielecke, L.; Ramasz, B.; Kruger, A.; Dietz, S.; Glauche, I.; Gerbaulet, A.;
von Bonin, M.; Basak, O.; et al. Hematopoietic stem cells can differentiate into restricted myeloid progenitors
before cell division in mice. Nat. Commun. 2018, 9, 1898. [CrossRef] [PubMed]
8. Brown, G.; Hughes, P.J.; Michell, R.H. Cell differentiation and proliferation—Simultaneous but independent?
Exp. Cell. Res. 2003, 291, 282–288. [CrossRef]
9. Drayson, M.T.; Michell, R.H.; Durham, J.; Brown, G. Cell proliferation and cd11b expression are controlled
independently during hl60 cell differentiation initiated by 1,25α-dihydroxyvitamin D3 or all-trans-retinoic
acid. Exp. Cell. Res. 2001, 266, 126–134. [CrossRef] [PubMed]
10. Kueh, H.Y.; Champhekhar, A.; Nutt, S.L.; Elowitz, M.B.; Rothenberg, E.V. Positive feedback between pu.1
and the cell cycle controls myeloid differentiation. Science 2013, 341, 670–673. [CrossRef] [PubMed]
11. Hough, S.R.; Laslett, A.L.; Grimmond, S.B.; Kolle, G.; Pera, M.F. A continuum of cell states spans pluripotency
and lineage commitment in human embryonic stem cells. PLoS ONE 2009, 4, e7708. [CrossRef] [PubMed]
12. Morgani, S.; Nichols, J.; Hadjantonakis, A.K. The many faces of pluripotency: In vitro adaptations of a
continuum of in vivo states. BMC Dev. Biol. 2017, 17, 7. [CrossRef] [PubMed]
13. Elghetany, M.T. Surface antigen changes during normal neutrophilic development: A critical review.
Blood Cells Mol. Dis. 2002, 28, 260–274. [CrossRef] [PubMed]
14. McGrath, K.E.; Catherman, S.C.; Palis, J. Delineating stages of erythropoiesis using imaging flow cytometry.
Methods 2017, 112, 68–74. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 2122 13 of 17
15. Ciarletta, P.; Ben Amar, M.; Labouesse, M. Continuum model of epithelial morphogenesis during
caenorhabditis elegans embryonic elongation. Philos. T. Roy. Soc. A. 2009, 367, 3379–3400. [CrossRef]
[PubMed]
16. Alberti-Servera, L.; von Muenchow, L.; Tsapogas, P.; Capoferri, G.; Eschbach, K.; Beisel, C.; Ceredig, R.;
Ivanek, R.; Rolink, A. Single-cell RNA sequencing reveals developmental heterogeneity among early
lymphoid progenitors. EMBO J. 2017, 36, 3619–3633. [CrossRef] [PubMed]
17. Hoppe, P.S.; Schwarzfischer, M.; Loeffler, D.; Kokkaliaris, K.D.; Hilsenbeck, O.; Moritz, N.; Endele, M.;
Filipczyk, A.; Gambardella, A.; Ahmed, N.; et al. Early myeloid lineage choice is not initiated by random
pu.1 to gata1 protein ratios. Nature 2016, 535, 299–302. [CrossRef] [PubMed]
18. Naik, S.H.; Perie, L.; Swart, E.; Gerlach, C.; van Rooij, N.; de Boer, R.J.; Schumacher, T.N. Diverse and
heritable lineage imprinting of early haematopoietic progenitors. Nature 2013, 496, 229–232. [CrossRef]
[PubMed]
19. Notta, F.; Zandi, S.; Takayama, N.; Dobson, S.; Gan, O.I.; Wilson, G.; Kaufmann, K.B.; McLeod, J.; Laurenti, E.;
Dunant, C.F.; et al. Distinct routes of lineage development reshape the human blood hierarchy across
ontogeny. Science 2016, 351, aab2116. [CrossRef] [PubMed]
20. Paul, F.; Arkin, Y.; Giladi, A.; Jaitin, D.A.; Kenigsberg, E.; Keren-Shaul, H.; Winter, D.; Lara-Astiaso, D.;
Gury, M.; Weiner, A.; et al. Transcriptional heterogeneity and lineage commitment in myeloid progenitors.
Cell 2015, 163, 1663–1677. [CrossRef] [PubMed]
21. Balciunaite, G.; Ceredig, R.; Massa, S.; Rolink, A.G. A b220+ cd117+ cd19- hematopoietic progenitor with
potent lymphoid and myeloid developmental potential. Eur. J. Immunol. 2005, 35, 2019–2030. [CrossRef]
[PubMed]
22. Brown, G.; Hughes, P.J.; Michell, R.H.; Ceredig, R. The versatility of haematopoietic stem cells: Implications
for leukaemia. Crit. Rev. Clin. Lab. Sci. 2010, 47, 171–180. [CrossRef] [PubMed]
23. Ema, H.; Morita, Y.; Suda, T. Heterogeneity and hierarchy of hematopoietic stem cells. Exp. Hematol. 2014,
42, 74–82.e2. [CrossRef] [PubMed]
24. Shimazu, T.; Iida, R.; Zhang, Q.; Welner, R.S.; Medina, K.L.; Alberola-Lla, J.; Kincade, P.W. Cd86 is expressed
on murine hematopoietic stem cells and denotes lymphopoietic potential. Blood 2012, 119, 4889–4897.
[CrossRef] [PubMed]
25. Mooney, C.J.; Cunningham, A.; Tsapogas, P.; Toellner, K.M.; Brown, G. Selective expression of flt3 within the
mouse hematopoietic stem cell compartment. Int. J. Mol. Sci. 2017, 18, 1037. [CrossRef] [PubMed]
26. Gekas, C.; Graf, T. Cd41 expression marks myeloid-biased adult hematopoietic stem cells and increases with
age. Blood 2013, 121, 4463–4472. [CrossRef] [PubMed]
27. Oguro, H.; Ding, L.; Morrison, S.J. Slam family markers resolve functionally distinct subpopulations of
hematopoietic stem cells and multipotent progenitors. Cell Stem Cell 2013, 13, 102–116. [CrossRef] [PubMed]
28. Sanjuan-Pla, A.; Macaulay, I.C.; Jensen, C.T.; Woll, P.S.; Luis, T.C.; Mead, A.; Moore, S.; Carella, C.;
Matsuoka, S.; Bouriez Jones, T.; et al. Platelet-biased stem cells reside at the apex of the haematopoietic
stem-cell hierarchy. Nature 2013, 502, 232–236. [CrossRef] [PubMed]
29. Grover, A.; Mancini, E.; Moore, S.; Mead, A.J.; Atkinson, D.; Rasmussen, K.D.; O’Carroll, D.; Jacobsen, S.E.;
Nerlov, C. Erythropoietin guides multipotent hematopoietic progenitor cells toward an erythroid fate.
J. Exp. Med. 2014, 211, 181–188. [CrossRef] [PubMed]
30. Mossadegh-Keller, N.; Sarrazin, S.; Kandalla, P.K.; Espinosa, L.; Stanley, E.R.; Nutt, S.L.; Moore, J.;
Sieweke, M.H. M-csf instructs myeloid lineage fate in single haematopoietic stem cells. Nature 2013,
497, 239–243. [CrossRef] [PubMed]
31. Ichii, M.; Shimazu, T.; Welner, R.S.; Garrett, K.P.; Zhang, Q.; Esplin, B.L.; Kincade, P.W. Functional diversity
of stem and progenitor cells with b-lymphopoietic potential. Immunol. Rev. 2010, 237, 10–21. [CrossRef]
[PubMed]
32. Beerman, I.; Bhattacharya, D.; Zandi, S.; Sigvardsson, M.; Weissman, I.L.; Bryder, D.; Rossi, D.J. Functionally
distinct hematopoietic stem cells modulate hematopoietic lineage potential during aging by a mechanism of
clonal expansion. Proc. Natl. Acad. Sci. USA 2010, 107, 5465–5470. [CrossRef] [PubMed]
33. Challen, G.A.; Boles, N.C.; Chambers, S.M.; Goodell, M.A. Distinct hematopoietic stem cell subtypes are
differentially regulated by tgf-beta1. Cell Stem Cell 2010, 6, 265–278. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 2122 14 of 17
34. Tsapogas, P.; Swee, L.K.; Nusser, A.; Nuber, N.; Kreuzaler, M.; Capoferri, G.; Rolink, H.; Ceredig, R.;
Rolink, A. In vivo evidence for an instructive role of fms-like tyrosine kinase-3 (flt3) ligand in hematopoietic
development. Haematologica 2014, 99, 638–646. [CrossRef] [PubMed]
35. Ginhoux, F.; Collin, M.P.; Bogunovic, M.; Abel, M.; Leboeuf, M.; Helft, J.; Ochando, J.; Kissenpfennig, A.;
Malissen, B.; Grisotto, M.; et al. Blood-derived dermal langerin+ dendritic cells survey the skin in the steady
state. J. Exp. Med. 2007, 204, 3133–3146. [CrossRef] [PubMed]
36. Nestle, F.O.; Zheng, X.G.; Thompson, C.B.; Turka, L.A.; Nickoloff, B.J. Characterization of dermal dendritic
cells obtained from normal human skin reveals phenotypic and functionally distinctive subsets. J. Immunol.
1993, 151, 6535–6545. [PubMed]
37. De Smedt, T.; Pajak, B.; Muraille, E.; Lespagnard, L.; Heinen, E.; De Baetselier, P.; Urbain, J.; Leo, O.; Moser, M.
Regulation of dendritic cell numbers and maturation by lipopolysaccharide in vivo. J. Exp. Med. 1996,
184, 1413–1424. [CrossRef] [PubMed]
38. Liu, Y.J. Ipc: Professional type 1 interferon-producing cells and plasmacytoid dendritic cell precursors.
Annu. Rev. Immunol. 2005, 23, 275–306. [CrossRef] [PubMed]
39. Taylor, P.R.; Gordon, S. Monocyte heterogeneity and innate immunity. Immunity 2003, 19, 2–4. [CrossRef]
40. Satpathy, A.T.; Murphy, K.M.; Kc, W. Transcription factor networks in dendritic cell development.
Semin. Immunol. 2011, 23, 388–397. [CrossRef] [PubMed]
41. Naik, S.H. Demystifying the development of dendritic cell subtypes, a little. Immunol. Cell Biol. 2008,
86, 439–452. [CrossRef] [PubMed]
42. Hume, D.A. Differentiation and heterogeneity in the mononuclear phagocyte system. Mucosal Immunol.
2008, 1, 432–441. [CrossRef] [PubMed]
43. Geissmann, F.; Jung, S.; Littman, D.R. Blood monocytes consist of two principal subsets with distinct
migratory properties. Immunity 2003, 19, 71–82. [CrossRef]
44. Hume, D.A. The mononuclear phagocyte system. Curr. Opin. Immunol. 2006, 18, 49–53. [CrossRef] [PubMed]
45. Lindquist, R.L.; Shakhar, G.; Dudziak, D.; Wardemann, H.; Eisenreich, T.; Dustin, M.L.; Nussenzweig, M.C.
Visualizing dendritic cell networks in vivo. Nat. Immunol. 2004, 5, 1243–1250. [CrossRef] [PubMed]
46. Bursch, L.S.; Wang, L.; Igyarto, B.; Kissenpfennig, A.; Malissen, B.; Kaplan, D.H.; Hogquist, K.A. Identification
of a novel population of langerin+ dendritic cells. J. Exp. Med. 2007, 204, 3147–3156. [CrossRef] [PubMed]
47. Ravasi, T.; Wells, C.; Forest, A.; Underhill, D.M.; Wainwright, B.J.; Aderem, A.; Grimmond, S.;
Hume, D.A. Generation of diversity in the innate immune system: Macrophage heterogeneity arises from
gene-autonomous transcriptional probability of individual inducible genes. J. Immunol. 2002, 168, 44–50.
[CrossRef] [PubMed]
48. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse
forms of macrophage activation and polarization. Trends Immunol. 2004, 25, 677–686. [CrossRef] [PubMed]
49. Lavin, Y.; Winter, D.; Blecher-Gonen, R.; David, E.; Keren-Shaul, H.; Merad, M.; Jung, S.; Amit, I.
Tissue-resident macrophage enhancer landscapes are shaped by the local microenvironment. Cell 2014, 159,
1312–1326. [CrossRef] [PubMed]
50. Fogg, D.K.; Sibon, C.; Miled, C.; Jung, S.; Aucouturier, P.; Littman, D.R.; Cumano, A.; Geissmann, F.
A clonogenic bone marrow progenitor specific for macrophages and dendritic cells. Science 2006, 311, 83–87.
[CrossRef] [PubMed]
51. Yamane, H.; Paul, W.E. Cytokines of the γC family control CD4+ t cell differentiation and function.
Nat. Immunol. 2012, 13, 1037–1044. [CrossRef] [PubMed]
52. Abbas, A.K.; Murphy, K.M.; Sher, A. Functional diversity of helper t lymphocytes. Nature 1996, 383, 787–793.
[CrossRef] [PubMed]
53. Wurster, A.L.; Rodgers, V.L.; Satoskar, A.R.; Whitters, M.J.; Young, D.A.; Collins, M.; Grusby, M.J. Interleukin
21 is a t helper (th) cell 2 cytokine that specifically inhibits the differentiation of naive th cells into interferon
gamma-producing th1 cells. J. Exp. Med. 2002, 196, 969–977. [CrossRef] [PubMed]
54. Nurieva, R.I.; Chung, Y.; Hwang, D.; Yang, X.O.; Kang, H.S.; Ma, L.; Wang, Y.H.; Watowich, S.S.; Jetten, A.M.;
Tian, Q.; et al. Generation of t follicular helper cells is mediated by interleukin-21 but independent of t helper
1, 2, or 17 cell lineages. Immunity 2008, 29, 138–149. [CrossRef] [PubMed]
55. Glatman Zaretsky, A.; Taylor, J.J.; King, I.L.; Marshall, F.A.; Mohrs, M.; Pearce, E.J. T follicular helper cells
differentiate from th2 cells in response to helminth antigens. J. Exp. Med. 2009, 206, 991–999. [CrossRef]
[PubMed]
Int. J. Mol. Sci. 2018, 19, 2122 15 of 17
56. Singh, K.; Gatzka, M.; Peters, T.; Borkner, L.; Hainzl, A.; Wang, H.; Sindrilaru, A.; Scharffetter-Kochanek, K.
Reduced cd18 levels drive regulatory t cell conversion into th17 cells in the cd18hypo pl/j mouse model of
psoriasis. J. Immunol. 2013, 190, 2544–2553. [CrossRef] [PubMed]
57. Tsuji, M.; Komatsu, N.; Kawamoto, S.; Suzuki, K.; Kanagawa, O.; Honjo, T.; Hori, S.; Fagarasan, S. Preferential
generation of follicular b helper t cells from foxp3+ T cells in gut peyer’s patches. Science 2009, 323, 1488–1492.
[CrossRef] [PubMed]
58. Wang, Y.; Souabni, A.; Flavell, R.A.; Wan, Y.Y. An intrinsic mechanism predisposes foxp3-expressing
regulatory t cells to th2 conversion in vivo. J. Immunol. 2010, 185, 5983–5992. [CrossRef] [PubMed]
59. Kim, B.S.; Kim, I.K.; Park, Y.J.; Kim, Y.S.; Kim, Y.J.; Chang, W.S.; Lee, Y.S.; Kweon, M.N.; Chung, Y.; Kang, C.Y.
Conversion of th2 memory cells into foxp3+ regulatory t cells suppressing th2-mediated allergic asthma.
Proc. Natl. Acad. Sci. USA 2010, 107, 8742–8747. [CrossRef] [PubMed]
60. Eizenberg-Magar, I.; Rimer, J.; Zaretsky, I.; Lara-Astiaso, D.; Reich-Zeliger, S.; Friedman, N. Diverse
continuum of CD4+ T-cell states is determined by hierarchical additive integration of cytokine signals.
Proc. Natl. Acad. Sci. USA 2017, 114, E6447–E6456. [CrossRef] [PubMed]
61. Gronke, K.; Kofoed-Nielsen, M.; Diefenbach, A. Innate lymphoid cells, precursors and plasticity.
Immunol. Lett. 2016, 179, 9–18. [CrossRef] [PubMed]
62. Rankin, L.C.; Groom, J.R.; Chopin, M.; Herold, M.J.; Walker, J.A.; Mielke, L.A.; McKenzie, A.N.; Carotta, S.;
Nutt, S.L.; Belz, G.T. The transcription factor t-bet is essential for the development of nkp46+ innate
lymphocytes via the notch pathway. Nat. Immunol. 2013, 14, 389–395. [CrossRef] [PubMed]
63. Rankin, L.C.; Girard-Madoux, M.J.; Seillet, C.; Mielke, L.A.; Kerdiles, Y.; Fenis, A.; Wieduwild, E.; Putoczki, T.;
Mondot, S.; Lantz, O.; et al. Complementarity and redundancy of il-22-producing innate lymphoid cells.
Nat. Immunol. 2016, 17, 179–186. [CrossRef] [PubMed]
64. Sawa, S.; Cherrier, M.; Lochner, M.; Satoh-Takayama, N.; Fehling, H.J.; Langa, F.; Di Santo, J.P.; Eberl, G.
Lineage relationship analysis of rorgammat+ innate lymphoid cells. Science 2010, 330, 665–669. [CrossRef]
[PubMed]
65. Silver, J.S.; Kearley, J.; Copenhaver, A.M.; Sanden, C.; Mori, M.; Yu, L.; Pritchard, G.H.; Berlin, A.A.;
Hunter, C.A.; Bowler, R.; et al. Inflammatory triggers associated with exacerbations of copd orchestrate
plasticity of group 2 innate lymphoid cells in the lungs. Nature immunology 2016, 17, 626–635. [CrossRef]
[PubMed]
66. Ishikawa, F.; Niiro, H.; Iino, T.; Yoshida, S.; Saito, N.; Onohara, S.; Miyamoto, T.; Minagawa, H.; Fujii, S.;
Shultz, L.D.; et al. The developmental program of human dendritic cells is operated independently of
conventional myeloid and lymphoid pathways. Blood 2007, 110, 3591–3660. [CrossRef] [PubMed]
67. Liu, K.; Victora, G.D.; Schwickert, T.A.; Guermonprez, P.; Meredith, M.M.; Yao, K.; Chu, F.F.; Randolph, G.J.;
Rudensky, A.Y.; Nussenzweig, M. In vivo analysis of dendritic cell development and homeostasis. Science
2009, 324, 392–397. [CrossRef] [PubMed]
68. Naik, S.H.; Sathe, P.; Park, H.Y.; Metcalf, D.; Proietto, A.I.; Dakic, A.; Carotta, S.; O’Keeffe, M.; Bahlo, M.;
Papenfuss, A.; et al. Development of plasmacytoid and conventional dendritic cell subtypes from single
precursor cells derived in vitro and in vivo. Nat. Immunol. 2007, 8, 1217–1226. [CrossRef] [PubMed]
69. Onai, N.; Kurabayashi, K.; Hosoi-Amaike, M.; Toyama-Sorimachi, N.; Matsushima, K.; Inaba, K.; Ohteki, T.
A clonogenic progenitor with prominent plasmacytoid dendritic cell developmental potential. Immunity
2013, 38, 943–957. [CrossRef] [PubMed]
70. Rodrigues, P.F.; Alberti-Servera, L.; Eremin, A.; Grajales-Reyes, G.E.; Ivanek, R.; Tussiwand, R. Distinct
progenitor lineages contribute to the heterogeneity of plasmacytoid dendritic cells. Nat. Immunol. 2018,
19, 711–722. [CrossRef] [PubMed]
71. Schlitzer, A.; Loschko, J.; Mair, K.; Vogelmann, R.; Henkel, L.; Einwachter, H.; Schiemann, M.; Niess, J.H.;
Reindl, W.; Krug, A. Identification of CCR9- murine plasmacytoid DC precursors with plasticity to
differentiate into conventional DCs. Blood 2011, 117, 6562–6570. [CrossRef] [PubMed]
72. Sathe, P.; Vremec, D.; Wu, L.; Corcoran, L.; Shortman, K. Convergent differentiation: Myeloid and lymphoid
pathways to murine plasmacytoid dendritic cells. Blood 2013, 121, 11–19. [CrossRef] [PubMed]
73. Shigematsu, H.; Reizis, B.; Iwasaki, H.; Mizuno, S.; Hu, D.; Traver, D.; Leder, P.; Sakaguchi, N.; Akashi, K.
Plasmacytoid dendritic cells activate lymphoid-specific genetic programs irrespective of their cellular origin.
Immunity 2004, 21, 43–53. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 2122 16 of 17
74. Adolfsson, J.; Mansson, R.; Buza-Vidas, N.; Hultquist, A.; Liuba, K.; Jensen, C.T.; Bryder, D.;
Yang, L.; Borge, O.J.; Thoren, L.A.; et al. Identification of flt3+ lympho-myeloid stem cells lacking
erythro-megakaryocytic potential a revised road map for adult blood lineage commitment. Cell 2005,
121, 295–306. [CrossRef] [PubMed]
75. Karsunky, H.; Inlay, M.A.; Serwold, T.; Bhattacharya, D.; Weissman, I.L. Flk2+ common lymphoid progenitors
possess equivalent differentiation potential for the b and t lineages. Blood 2008, 111, 5562–5570. [CrossRef]
[PubMed]
76. Kondo, M.; Weissman, I.L.; Akashi, K. Identification of clonogenic common lymphoid progenitors in mouse
bone marrow. Cell 1997, 91, 661–672. [CrossRef]
77. Elsasser, W.M. Outline of a theory of cellular heterogeneity. Proc. Natl. Acad. Sci. USA 1984, 81, 5126–5129.
[CrossRef] [PubMed]
78. Chang, H.H.; Hemberg, M.; Barahona, M.; Ingber, D.E.; Huang, S. Transcriptome-wide noise controls lineage
choice in mammalian progenitor cells. Nature 2008, 453, 544–547. [CrossRef] [PubMed]
79. Suslov, O.N.; Kukekov, V.G.; Ignatova, T.N.; Steindler, D.A. Neural stem cell heterogeneity demonstrated by
molecular phenotyping of clonal neurospheres. Proc. Natl. Acad. Sci. USA 2002, 99, 14506–14511. [CrossRef]
[PubMed]
80. Porritt, H.E.; Rumfelt, L.L.; Tabrizifard, S.; Schmitt, T.M.; Zuniga-Pflucker, J.C.; Petrie, H.T. Heterogeneity
among dn1 prothymocytes reveals multiple progenitors with different capacities to generate t cell and non-t
cell lineages. Immunity 2004, 20, 735–745. [CrossRef] [PubMed]
81. Enver, T.; Heyworth, C.M.; Dexter, T.M. Do stem cells play dice? Blood 1998, 92, 348–351. [PubMed]
82. Enver, T.; Jacobsen, S.E. Developmental biology: Instructions writ in blood. Nature 2009, 461, 183–184.
[CrossRef] [PubMed]
83. Metcalf, D. Lineage commitment and maturation in hematopoietic cells: The case for extrinsic regulation.
Blood 1998, 92, 345–347. [PubMed]
84. Endele, M.; Etzrodt, M.; Schroeder, T. Instruction of hematopoietic lineage choice by cytokine signaling.
Exp. Cell Res. 2014, 329, 207–213. [CrossRef] [PubMed]
85. Metcalf, D. Hematopoietic cytokines. Blood 2008, 111, 485–491. [CrossRef] [PubMed]
86. Sarrazin, S.; Sieweke, M. Integration of cytokine and transcription factor signals in hematopoietic stem cell
commitment. Semin. Immunol. 2011, 23, 326–334. [CrossRef] [PubMed]
87. Akashi, K.; Kondo, M.; von Freeden-Jeffry, U.; Murray, R.; Weissman, I.L. Bcl-2 rescues t lymphopoiesis in
interleukin-7 receptor-deficient mice. Cell 1997, 89, 1033–1041. [CrossRef]
88. Kondo, M.; Akashi, K.; Domen, J.; Sugamura, K.; Weissman, I.L. Bcl-2 rescues t lymphopoiesis but not b or
nk cell development, in common gamma chain-deficient mice. Immunity 1997, 7, 155–162. [CrossRef]
89. Maraskovsky, E.; O’Reilly, L.A.; Teepe, M.; Corcoran, L.M.; Peschon, J.J.; Strasser, A. Bcl-2 can rescue t
lymphocyte development in interleukin-7 receptor-deficient mice but not in mutant rag-1-/- mice. Cell 1997,
89, 1011–1019. [CrossRef]
90. Malin, S.; McManus, S.; Cobaleda, C.; Novatchkova, M.; Delogu, A.; Bouillet, P.; Strasser, A.; Busslinger, M.
Role of stat5 in controlling cell survival and immunoglobulin gene recombination during pro-b cell
development. Nat. Immunol. 2010, 11, 171–179. [CrossRef] [PubMed]
91. von Muenchow, L.; Alberti-Servera, L.; Klein, F.; Capoferri, G.; Finke, D.; Ceredig, R.; Rolink, A.; Tsapogas, P.
Permissive roles of cytokines interleukin-7 and flt3 ligand in mouse B-cell lineage commitment. Proc. Natl.
Acad. Sci. USA 2016, 113, E8122–E8130. [CrossRef] [PubMed]
92. Stoffel, R.; Ziegler, S.; Ghilardi, N.; Ledermann, B.; de Sauvage, F.J.; Skoda, R.C. Permissive role of
thrombopoietin and granulocyte colony-stimulating factor receptors in hematopoietic cell fate decisions
in vivo. Proc. Natl. Acad. Sci. USA 1999, 96, 698–702. [CrossRef] [PubMed]
93. Semerad, C.L.; Poursine-Laurent, J.; Liu, F.; Link, D.C. A role for g-csf receptor signaling in the regulation
of hematopoietic cell function but not lineage commitment or differentiation. Immunity 1999, 11, 153–161.
[CrossRef]
94. Borzillo, G.V.; Ashmun, R.A.; Sherr, C.J. Macrophage lineage switching of murine early pre-b lymphoid cells
expressing transduced fms genes. Mol. Cell. Biol. 1990, 10, 2703–2714. [CrossRef] [PubMed]
95. Pawlak, G.; Grasset, M.F.; Arnaud, S.; Blanchet, J.P.; Mouchiroud, G. Receptor for macrophage
colony-stimulating factor transduces a signal decreasing erythroid potential in the multipotent hematopoietic
eml cell line. Exp. Hematol. 2000, 28, 1164–1173. [CrossRef]
Int. J. Mol. Sci. 2018, 19, 2122 17 of 17
96. Iwasaki-Arai, J.; Iwasaki, H.; Miyamoto, T.; Watanabe, S.; Akashi, K. Enforced granulocyte/macrophage
colony-stimulating factor signals do not support lymphopoiesis but instruct lymphoid to myelomonocytic
lineage conversion. J. Exp. Med. 2003, 197, 1311–1322. [CrossRef] [PubMed]
97. King, A.G.; Kondo, M.; Scherer, D.C.; Weissman, I.L. Lineage infidelity in myeloid cells with tcr gene
rearrangement: A latent developmental potential of prot cells revealed by ectopic cytokine receptor signaling.
Proc. Natl. Acad. Sci. USA 2002, 99, 4508–4513. [CrossRef] [PubMed]
98. Kondo, M.; Scherer, D.C.; Miyamoto, T.; King, A.G.; Akashi, K.; Sugamura, K.; Weissman, I.L. Cell-fate
conversion of lymphoid-committed progenitors by instructive actions of cytokines. Nature 2000, 407, 383–386.
[CrossRef] [PubMed]
99. Onai, N.; Obata-Onai, A.; Tussiwand, R.; Lanzavecchia, A.; Manz, M.G. Activation of the flt3 signal
transduction cascade rescues and enhances type i interferon-producing and dendritic cell development.
J. Exp. Med. 2006, 203, 227–238. [CrossRef] [PubMed]
100. Rieger, M.A.; Hoppe, P.S.; Smejkal, B.M.; Eitelhuber, A.C.; Schroeder, T. Hematopoietic cytokines can instruct
lineage choice. Science 2009, 325, 217–218. [CrossRef] [PubMed]
101. Brown, G.; Tsapogas, P.; Ceredig, R. The changing face of hematopoiesis: A spectrum of options is available
to stem cells. Immunol. Cell Biol. 2018. [CrossRef] [PubMed]
102. Singh, R.P.; Grinenko, T.; Ramasz, B.; Franke, K.; Lesche, M.; Dahl, A.; Gassmann, M.; Chavakis, T.; Henry, I.;
Wielockx, B. Hematopoietic stem cells but not multipotent progenitors drive erythropoiesis during chronic
erythroid stress in epo transgenic mice. Stem Cell Rep. 2018, 10, 1908–1919. [CrossRef] [PubMed]
103. Crisan, M.; Dzierzak, E. The many faces of hematopoietic stem cell heterogeneity. Development 2016,
143, 4571–4581. [CrossRef] [PubMed]
104. Waddington, C.H. The Strategy of the Genes; A Discussion of Some Aspects of Theoretical Biology; Allen & Unwin:
London, UK, 1957.
105. Ferrell, J.E., Jr. Bistability, bifurcations and waddington’s epigenetic landscape. Curr. Biol. 2012,
22, R458–R466. [CrossRef] [PubMed]
106. Sieweke, M.H. Waddington’s valleys and captain cook’s islands. Cell Stem Cell 2015, 16, 7–8. [CrossRef]
[PubMed]
107. Brown, G.; Sanchez-Garcia, I. Is lineage decision-making restricted during tumoral reprograming of
haematopoietic stem cells? Oncotarget 2015, 6, 43326–43341. [CrossRef] [PubMed]
108. Brown, G.; Sánchez-García, I. Diversity, Versatility and Leukaemia; Nova Biomedical: New York, NY, USA,
2016.
109. Gonzalez-Herrero, I.; Rodriguez-Hernandez, G.; Luengas-Martinez, A.; Isidro-Hernandez, M.; Jimenez, R.;
Garcia-Cenador, M.B.; Garcia-Criado, F.J.; Sanchez-Garcia, I.; Vicente-Duenas, C. The making of leukemia.
Int. J. Mol. Sci. 2018, 19, 1494. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
